In man (2) and other mammals (3) , most of the amino acid load in the glomerular filtrate is reabsorbed from the proximal tubule against a chemical gradient (4, 5) . There are indications that human tubular absorption of the different chemical groups of amino acids occurs by means of several transport mechanisms. In cystinuria, for example, transport of only the di-amino acids, cystine, lysine, ornithine, and arginine, is impaired (6) (7) (8) (9) . In familial glycinuria (10) only glycine reabsorption is abnormal. In Hartnup disease (11, 12) there is impaired transport of most of the neutral amino acids; there is, however, relatively little impairment in absorption of the cystinuric group of amino acids or of the imino acids and glycine.
The presence, in patients with familial hyperprolinemia (13, 14) , of a specific hyperaminoaciduria comprising proline, hydroxyproline, and glycine raised the possibility of a transport mechanism selective for these three compounds. In this disease we observed that prolinuria occurred only when the plasma proline concentration was greater than 0.8 mM (normal, < 0.3 mM); at this point hydroxyprolinuria and increased glycine excretion also appeared despite normal plasma concentrations of the latter two compounds. Presumably under these circumstances, the amount of proline in the glomerular filtrate exceeded its ca-* Submitted for publication May 16, 1963 pacity for complete tubular absorption. To account for the presence of hydroxyprolinuria and excessive glycinuria in the presence of prolinuria, the suggestion was made that proline competed with the other imino acid and with glycine for a "common"transport system in the renal tubule (1, 13) .
The present study was undertaken to further clarify the relationships between imino acid and glycine transport. We also attempted to determine whether there was a maximal rate for tubular reabsorption of L-proline (TmPro). Our earlier assumption (1, 13) that imino acids and glycine shared a "common"transport mechanism was re-evaluated in light of the more recent investigations. Methods
Subjects included seven healthy adult males, ages 24 to 40 years; one female child (S.McE.), age 12 years, with familial hyperprolinemia; her mother, age 39 years; her father, age 40 years; and one male adolescent (P.St.L.), age 16 years, with hypophosphatemic-glycinuric-glucosuric rickets.
Techniques. All experiments were performed in the morning, on fasted, resting subjects. Before and during the procedures, water was drunk to insure urine flow rates of 5 to 20 ml per minute. Urine was collected by spontaneous voiding.
A) Rapid iv infusion experiments. A 30-minute (control) urine specimen was collected before infusion; at the mid-point of this period a venous blood sample was collected in heparin. The amino acid solution (0.65 mmoles per kg) was then infused into an antecubital vein within 3 minutes. Urine specimens were collected during three consecutive clearance periods of 15, 30, and 30 minutes, respectively. At the mid-point of each clearance period (8, 30 , and 60 minutes), venous blood was drawn. Endogenous creatinine clearance rates were determined in each period of two experiments.
Eight infusions with L-proline, two with hydroxy-L-proline, three with glycine, two with L-alanine, and one with L-valine were performed. B) Steady-state iv infusion experiments. L-Proline was infused intravenously, using a constant-rate infusion pump, five times in three normal male subjects and once in the subject with hypophosphatemic rickets. Priming and sustaining doses of inulin were administered in the usual manner. After equilibration for 45 minutes, two consecutive urine collections, each lasting 15 to 20 minutes, were performed, and venous blood samples were drawn at two or three points during the double period. The true mid-point blood time was calculated with reference to each urine collection, assuming a delay between formation of urine at the glomerulus and collection from the bladder of less than 5 minutes at urine flow rates greater than 5 ml per minute. Priming doses of L-proline (0.5 to 1.3 mmoles per kg) were then infused into the venous catheter delivering inulin, and a sustaining infusion of proline (3.2 ,umoles per kg per minute) was added to the sustaining inulin infusion. At least 20-minute equilibration followed each proline priming infusion, after which a pair of 15-minute urine collections or a single longer collection was made with two accompanying venous blood samples. The priming infusions were repeated at intervals until the plasma proline concentration had been raised sufficiently to induce marked prolinuria.
Preparation of samples. Urine specimens were preserved with thymol and frozen at -210 C. Plasma was separated immediately from the blood cells, deproteinized with 1% picric acid (15) , and frozen.
Materials. The amount of chromatographically pure L-amino acid1 required for each infusion was dissolved in 25 to 50 ml distilled water, adjusted to pH 7.4, passed through a Seitz (VF) filter, and steam autoclaved at 15 pounds pressure for 20 minutes at 1220 C. A sample was chromatographed before infusion to confirm purity.
Analytical methods. Urine samples, equivalent to 4-second volumes, and deproteinized plasma (625 ul) were analyzed qualitatively for amino acid content. The method used was two-dimensional partition chromatography on filter paper, with phenol-ammonia and lutidine development (16) , or high voltage electrophoresis on filter paper, followed by solvent partition chromatography in the second dimension (17) . The chromatograms were stained with either Ninhydrin (0.2% wt/vol) in acetone, the Ninhydrin-isatin stain of Kolor and Roberts (18) f Immeasurably high value.
$ Value not calculated, since plasma and urine concentrations were changing rapidly.
One-minute volumes of urine and suitable volumes of plasma were analyzed quantitatively by ion exchange column chromatography, using the earlier method of Moore and Stein (15) with their later modification (19, 20) .
Free proline in urine and plasma samples from the constant-rate infusion experiments was also measured by the chemical method of Messer (21) . This method is reported to obtain good specificity for proline with the color reaction. We encountered difficulties with urine samples' containing large amounts of proline, glycine, and hydroxyproline; therefore we performed ion exchange column chromatography (19, 20) on all samples at high levels of infusion. Proline values by the chemical method changed in a consistent manner after steadystate infusions but had poor predictable numerical relation to values obtained by chromatography (19, 20) .
Inulin was measured by the modification of Schreiner's technique (22) and endogenous creatinine by the method of Miller (23) .
Results
Rapid iv infusion experiments in normal subjects.2 A) L-proline. After infusion, there was a marked increase in urinary excretion of proline, hydroxyproline, and glycine in all subjects. Other amino acids were not comparably affected. The changes were most obvious in the first postinfusion period (0 to 15 minutes) and subsided thereafter, as the plasma proline concentration fell (Table I ). The increase in urinary excretion rates of hydroxyproline and glycine were not associated with increases in their plasma concentrations, nor with increases in the filtered load when monitored by endogenous creatinine clearance rates. Therefore, clearance rates of hydroxyproline and glycine could be raised by increasing the filtered load of proline ( Figure 1 ).
There were slight increases noted in the urinary excretion of threonine, serine, methionine, tyrosine, and phenylalanine in three subjects; this was observed only during the second or third postinfusion period. Amino acid clearance rates were determined in two subjects; the values remained within normal limits, in contrast to the changes in renal clearance of hydroxyproline and glycine. 
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B) Hydroxy-L-proline. Urinary excretion rates and endogenous renal clearance rates of proline and glycine were increased by iv infusion of hydroxyproline (Table I, Figure 1 ). The response was greatest when plasma hydroxyproline concentration was highest. The effect on proline and glycine clearance was less than the comparable effect at equivalent plasma levels for proline after its infusion. C) Glycine. Three infusions were performed, two on the same subject. There was no hydroxyprolinuria produced on any occasion. On a single occasion there was slight but clearly detectable prolinuria in the first postinfusion period (Figure 1) ; preinfusion excretion and clearance of proline rates were zero, respectively; postinfusion, 0.050 umole per minute and 0.3 ml per minute per 1.73 m2n, respectively. Postinfusion prolinuria was not clearly demonstrable in the other two studies.
In both subjects, glycine infusion was followed by increased urinary excretion of threonine and serine ( Figure 1 ). The renal clearance rates of these compounds increased; their raised excretion rates were not primarily accounted for by changes in plasma concentration. We also observed a twofold increase in a-amino-n-butyric and histidine clearances and marked increase in sarcosine concentration of plasma in one experiment. D) L-valine and L-alanine. Infusion of either amino acid, producing plasma concentrations of the infused compound equivalent to those obtained in the other studies, had no effect on imino acid excretion. Valine infusion increased the glycine renal clearance from 6.6 ml per minute per 1.73 m2 (normal) to 12.1 ml per minute per 1.73 m2 t Postinfusion data: When two values are given, they represent data from two different studies on different subjects. § These studies were in the same subject. In the first study (0.12 value), the sample was analyzed on two different Beckman amino acid analyzers; no proline was found in one analysis. (2) . Also evident in Table II are the selective interrelations between imino acid and glycine during renal clearance.
Constant-rate infusion studies wiith L-proline.
Four subjects were studied six times to determine whether the increases in urinary excretion and renal clearance rates of hydroxyproline and glycine, following L-proline infusion, were the result of changes in the filtered load, of net tubular secretion, or of inhibition of tubular absorption of these compounds.
The increase in urinary excretion of hydroxyproline and glycine was clearly related to selective inhibition of tubular absorption of these com- pounds; an example is shown in Table III . This phenomenon appeared in each subject when the filtered load of proline reached the threshold for prolinuria itself (Table IV) ; the inhibitory effect of proline increased as its filtered concentration increased. In addition to the obvious effect on hydroxyproline and glycine, there was slight inhibition of tubular absorption of threonine, serine, histidine, and glutamine plus asparagine.
Evidence for a Tm-proline in man. The four subjects discussed in the previous section were investigated for the presence of a maximal tubular reabsorptive capacity for L-proline (TmPro). Insignificant amounts of proline were excreted when the plasma proline concentration was normal (0.10 to 0.30 ,umole per ml) (Tables III and IV) .
Prolinuria did not increase significantly until the plasma proline concentration reached at least 0.8 ,umole per ml. The "line-threshold" 3 plasma concentration at which prolinuria occurred was approximately 1.0 ,umole per ml in these studies (Table V) .
A maximal rate for tubular reabsorption of L-proline was clearly observed in three studies. In a fourth, the filtered proline load was insufficient to obtain more than one point at the apparent Tm. Since it was reasonable to believe that a Tm had actually been reached, the apparent TmPro is included with the data in Table   V . These data are expressed in Figure 2 (Table II) is shown (hatched bars) for comparison. Preinfusion plasma proline concentration, 0.98 ,umole per ml; postinfusion (60-minute) value, 1.6 pnoles per ml impaired glomerular and tubular function. Hydroxyprolinuria and hyperglycinuria did not occur unless prolinuria was also present. In one patient who was studied in detail, endogenous amino acid renal clearance rates were determined before and in the third (45 to 75 minutes) period after rapid infusion of L-proline. The preinfusion plasma proline concentration was 0.98 ,umole per ml, and there was abnormal iminoaciduria and glycinuria; urinary excretion of the other amino acids was normal. After infusion of proline, when the plasma proline was 1.6 ,fmoles per ml (at 60 minutes), renal clearance rates for imino acids and glycine were further increased ( Figure 3 ). Slight increases in threonine and serine clearances also occurred. Therefore, the specific hyperaminoaciduria in familial hyperprolinemia is dependent on the hyperprolinemia, and the aminoaciduria has a mechanism similar to that in normal subjects receiving L-proline infusions.
The parents of the hyperprolinemic sibs were also investigated. The plasma proline levels and renal excretion of amino acids were normal in both subjects. Discussion
Some reflection on the general properties of amino acid transport is of interest in discussing the foregoing experiments. Cellular transport of amino acids occurs by a facilitated or active process and not by passive diffusion (26) . The transport process is rate-limited and exhibits specificity with reference to substrate (26) . As would be expected, competitive inhibition for transport can occur between molecules of similar steric conformation. The properties of glycine transport in particular have been studied intensively (27) (28) (29) , and in vitro observations on the high competitive affinity of imino acids for the glycine transport mechanism (27) have long preceded the present in vivo observations. The above-mentioned studies and many others like them have, in general, been performed on ascites cells or intestinal sac preparations. However, recent in vitro work (30, 31) has shown that the general principles apply equally well to amino acid transport in kidney slices. It should not be difficult then to find reasonable interpretation of the present in vivo investigation of renal tubular function in terms of the principles of amino acid transport.
Our initial observations in familial hyperprolinemia provided the stimulus for this investigation. These observations were that a specific hyperaminoaciduria accompanied hyperprolinemia, and that this aminoaciduria occurred only when the plasma proline concentration exceeded a certain limit. An explanation for these phenomena is now possible.
The amount of the filtered proline load determines the presence or absence of the aminoaciduria. Infusion studies in normal subjects showed that specific hyperaminoaciduria, indistinguishable from that of familial hyperprolinemia, accompanied an increase in the filtered proline load.
The mechanism of occurrence of this aminoaciduria had two distinct components. The prolinuria was dependent on the plasma proline level (i.e., filtered proline load); the threshold for prolinuria was the same in normal subjects as in familial hyperprolinemic subjects. Prolinuria in these subjects was therefore of prerenal origin (terminology of Dent and Walshe) (32) . On the other hand, the hydroxyprolinuria and hyperglycinuria, which appeared when the filtered proline load was increased sufficiently, were the results of impairment of the tubular absorption; in other words, this component of the specific hyperaminoaciduria was of renal origin. This is apparently the first example of combined renal and prerenal mechanisms accounting for a specific hyperaminoaciduria in man.
The next point of interest concerns the significance of a threshold for prolinuria. The threshold itself was clearly detectable, unlike that for many other amino acids (reviewed by Smith) (33) . Above threshold values, prolinuria rapidly increased, and eventually it became directly proportional to the filtered proline load. This observation suggests that the proline transport mechanism has a high affinity and a low saturation limit for its substrate; this characteristic has since been documented in vitro (31) . Under specific investigation a maximal rate for tubular absorption of L-proline was found. This indicates that the tubular mechanism for transport of proline is saturable, as would be expected. The range of the TmPro, on the basis of the limited number of experiments, is fairly wide. The Tm was approached with some rounding off ( Figure 2) ; this is also seen with many other substrates. The customary explanation is that such splay is indicative of heterogeneity in the nephron response to perfusion by the filtered substrate load (34 (L-proline) . This suggests that pro-line has higher affinity for transport than glycine or hydroxyproline; when sufficient L-proline is bound to its transport mechanism, excess amounts become a competitive inhibitor against the latter two compounds. This particular data should indicate that proline, hydroxyproline, and glycine are not transported by a single transport mechanism. Initially, however, we postulated that the two imino acids and glycine shared a "common" transport mechanism for which the relative affinities of the three substrates were proline > hydroxyproline > glycine (1, 13) . Inhibition of transport by a single member, limited to the group in its effect, should then be an indication of competition for the "common" system. We found observations, reported elsewhere, in accord with the hypothesis that imino acids and glycine have properties of cellular transport in common. 1) In Hartnup disease (11, 12, 35) impairment in renal and intestinal transport of most of the neutral amino acids is the result of a specific genetic mutation. However, transport of imino acids and glycine does not appear to be abnormal by comparison in this phenotype.
2) During the first few months of life, the human infant has elevated urinary excretion of imino acids and glycine, although the excretion of other amino acids is comparable to that observed in later life. This suggests a single mechanism responsible for the reabsorption of these three amino acids that is slow to mature in the infant kidney.
3) Joseph, Ribierre, Job, and Girault (36) described a convulsive disorder in infancy with a specific renal hyperaminoaciduria comprising proline, hydroxyproline, and glycine. Jonxis (37) has also studied a male infant with a history of neonatal convulsions, failure to thrive, and excessive urinary excretion of proline, hydroxyproline, and glycine persisting after early infancy. In both studies the plasma amino acid concentrations of the patients were normal. The aminoaciduria in these infants may therefore reveal impairment of a selective tubular reabsorptive mechanism for imino acids and glycine.
There are also, however, observations casting doubt upon the existence of a discrete transport mechanism "common" to imino acids and glycine: 1) In our experiments glycine infusion produced minimal prolinuria and no hydroxyprolinuria.
We tried to explain this by assuming very low affinity of glycine for the "common" system. The naturally occurring counterpart of this experiment is idiopathic hyperglycinemia (38, 39) , in which there is a marked increase in renal filtration of glycine but no abnormal iminoaciduria.
2) Valine infusion increased glycine clearance but had no effect on imino acid clearances. If the imino acids and glycine were transported by a single common system, valine should inhibit all three substrates.
3) One subject in our study (the boy with hypophosphatemic rickets and hyperglycinuria) has impaired tubular reabsorption of glycine as part of his renal tubular syndrome, yet imino acids are not comparably affected. Furthermore, in familial (renal) glycinuria described by de Vries and associates (10), iminoaciduria was not observed. 4) In our experiments there were increases in clearance rates produced by the infusion of imino acids and glycine affecting amino acids beyond the limits of the hypothetical "common" transport system. Whereas glycine infusion had little effect on imino acid excretion, it increased clearance rates of serine and threonine, in addition to raising the plasma concentration of serine; this phenomenon has also been noted by others (40) . Infusion of either imino acid increased clearance rates of serine, threonine, a-amino-n-butyric acid, and the aromatic amino acids in later postinfusion periods. Clearance rates of serine and threonine were also slightly increased in familial hyperprolinemia ( Figure 3) .
Our initial concept (1) of a single (i.e., " common") transport mechanism specific for proline, hydroxyproline, and glycine does not fit all of the observations discussed. The difficulty appears to be in the belief that a "common" implies a "single" transport mechanism. Ahmed and Scholefield, who have recently investigated the criteria for proving that different molecules are transported at a single site (41) , concluded that such a phenomenon occurs only under exceptional circumstances. Recently the transport of imino acids and glycine has been studied in vitro in mammalian tissue (31) ; apparently these three compounds are not transported by a single mechanism. Very interesting and important considerations are therefore raised concerning the structural and functional relations that must exist when separate transport mechanisms behave under certain genetic, developmental, and induced conditions as though they have something in common.
Summary
Renal tubular transport of imino acids and glycine was investigated in healthy human subjects and in patients with familial hyperprolinemia. In the latter condition there is a specific hyperaminoaciduria comprising proline, hydroxyproline, and glycine. This appears when the plasma proline concentration exceeds approximately 1.0 ,umole per ml (normal maximum, 0.3 Mtmole per ml). Identical hyperaminoaciduria was produced in normal subjects by iv infusion of L-proline.
Prolinuria occurs in healthy and familial hyperprolinemic subjects by a prerenal mechanism. Hydroxyprolinuria and hyperglycinuria occur by a renal mechanism, their tubular absorption being inhibited by high concentrations of L-proline. A combined mechanism for abnormal aminoaciduria has not previously been described.
Tubular transport of L-proline in man is a saturable process, and a TmPro is demonstrable. L-Proline becomes an inhibitor for glycine and hydroxyproline transport when it approaches the saturation limit for its own transport; the inhibition is presumably competitive. The transport of imino acids and glycine has interrelations not shared with other amino acids.
